Introduction
DNA methylation, which involves the covalent addition of a methyl group to cytosine bases, is the most extensively studied type of epigenetic modification. In mammals, it occurs mainly in the context of CG dinucleotides (CpG). These are enriched in approximately 40% of mammalian promoter genes, 1 and especially in housekeeping and tumor suppressor genes. Particularly in these types of genes, the repression of gene expression is known to depend on the methylation level of their promoter. 2, 3 Interest in this crosstalk between DNA methylation and gene expression explains the growing number of studies demonstrating the role of methylation in metabolic diseases, 4 neurodegenerative diseases, [5] [6] [7] aging, 8, 9 cancer, 10, 11 and drug response to chemotherapy. 12 Thus, the importance of DNA methylation signatures as tools in many biomedical studies is becoming increasingly well established.
To interrogate the methylation status of CpGs, array-based methods have recently been used for large sets of samples, while the whole-genome bisulfite sequencing (WGBS) approach has been reserved for projects with smaller sets of samples, because of its high cost. Since the release of the Infinium HumanMethylation450 array (Illumina, Inc.) 13 in 2011, it has been possible to interrogate almost half a million CpG sites in the human genome at less cost than with next-generation sequencing (NGS). The Infinium Methylation assay relies on a number of serial reactions (bisulfite conversion, whole-genome amplification [WGA], fragmentation and resuspension, hybridization, single-base extension, and fluorescent antibody labeling) to accurately measure the methylation level at single-base resolution. The greatest limitation of this platform is imposed by the WGA reaction, which is known to affect the overall success of the Infinium process when the input DNA material is degraded (<1 kb), 14 so this platform has only been used with high-quality (non-fragmented) DNA. This restricts the potentially analyzable samples to those whose DNA has been extracted from fresh-frozen (FF) tissues, blood samples or in vitro cultured cells. Conversely, samples with previous associated clinical and follow-up data are routinely formalin-fixed and paraffin-embedded (FFPE) for histopathological diagnosis, which is known to affect DNA integrity, and to prevent these valuable samples being subjected to methods, such as Infinium, that are sensitive to DNA fragmentation.
To overcome these limitations, we have evaluated the combination of DNA repair and ligation steps with an FFPE restoration kit. Restored DNA was used as input for the well characterized Infinium Methylation assay. This enabled us to use the HumanMethylation450 array to successfully process tumor samples for which FF and matched FFPE material was available. A formalin-fixed paraffin-embedded (ffpe) sample usually yields highly degraded DNA, which limits the use of techniques requiring high-quality DNA, such as infinium Methylation microarrays. to overcome this restriction, we have applied an ffpe restoration procedure consisting of DNA repair and ligation processes in a set of paired fresh-frozen (ff) and ffpe samples. We validated the ffpe results in comparison with matched ff samples, enabling us to use ffpe samples on the infinium HumanMethylation450 Methylation array.
Results and Discussion
Samples from eight tumor types were represented on hybridized samples, breast (n = 3, tumors 1-3), colon (n = 4, tumors 4-7), kidney (n = 2, tumors 8-9), lung (n = 5, tumors [10] [11] [12] [13] [14] , ovary (n = 4, tumors 15-18), pancreas (n = 1, tumors 19), prostate (n = 1, tumors 20), and stomach (n = 5, tumors 21-25). For each patient, two biopsies of the same tumor were taken; one was stored as fresh-frozen tissue embedded in optimal cutting temperature (OCT) compound stored at -80 °C, while the other piece underwent FFPE fixation and was stored at room temperature.
Each of the 485 512 CpG sites interrogated on the HumanMethylation450 array is present 16 times on average, allowing the significance (P value) for each single CpG site to be calculated based on the dispersion of the reads obtained when compared with background probes. The percentage of correctly detected CpG sites (P < 0.01) in conjunction with the internal controls present on the array, are the main measures used to check whether the processing of samples was performed successfully. As expected from the product specifications, data obtained from the 25 FF samples were of high quality, with an average detection rate of 99.93% (range, 99.85% -99.98%), while the average FFPE sample detection rate was slightly lower, 99.65% (range, 97.63% -99.95%). Nevertheless, they indicate that FF and FFPE results were both highly robust and, therefore, that the FFPE restoration process overcomes the limitations of non-degraded input material in the Infinium assay.
To test whether data obtained from the array were biased because of the two origins of DNA (FFPE or FF), we performed a principal component analysis in the R statistical environment, but found no difference between the 50 samples with respect to their origin (Fig. 1A) . As expected from randomizing samples at the array positions, neither array position or array itself had an effect on the data obtained (Fig. 1A) .
To ascertain that the matched FFPE-FF samples were correctly compared, we used the 65 SNPs included on the humanMethylation450 array for fingerprinting purposes, comparing the β-values of paired samples. In these cases, the β-values should cluster as they do on a standard genotyping theta graph, so paired samples should lie near the identity line in a scatter plot graph. As shown for tumor 17 (Fig. 1B) , our analysis revealed that all 25 paired FF/FFPE tumors were compared in correct pairs (Fig. S1) .
Methylation values obtained from corresponding FF and 0.9258 -0.9945; P = 2.2 × 10 -16 ) (Fig. S2) with a mean methylation difference between FF vs FFPE of 2.54 × 10 -3 (standard deviation = 0.0771). Thus, FFPE restoration prior to conducting the Infinium methylation assay gave results that were highly comparable to those obtained from FF samples.
Univariate analysis of variance was performed on FFPE and FF samples, resulting in 99.99% of the CpGs being not differentially methylated among both groups (FF and FFPE) of samples with Δβ > 0.50 (Fig. 1D) ; moreover, when relaxing the threshold to Δβ > 0.33, the analysis resulted in 99.93% of the CpG sites not being differentially methylated (data not shown). Interestingly, the four CpGs that were statistically significant between the paired set of samples when Δβ > 0.50 was used, and 99.03% of the 311 CpG found when Δβ > 0.33 was applied, were methylated on FF samples (mean β-value Δβ0.50 = 0.78; mean β-value Δβ0.33 = 0.76), but unmethylated on FFPE samples (mean β-value Δβ0.50 = 0.27; mean β-value Δβ0.33 = 0.39). This observation could be explained by the fact that FFPE samples undergo a reparation process in which cohesive ends are repaired and then ligated one to another. If a CpG site falls within a cohesive end, the methylation status cannot be restituted and, thus, the CpG locus would be read as non-methylated.
To confirm that DNA origin is not affecting the results, we performed unsupervised clustering of 2% randomly selected CpG β-values obtained from the array and found 96.0% (n = 24) of tumors for which the clustering was achieved by patient, while for the remaining 4.0% (n = 1) of the tumors, the FF and FFPE samples appeared close together (in the same tumor type [stomach cancer] but not in the same sample cluster [ Fig. 2]) . Despite the same patient origin for FF and FFPE tumor samples, tumor cell heterogeneity might not be the same in different tissue sections from a given tumor piece, thereby giving rise to a degree of variation in the methylation values observed in FF samples compared with those of matched FFPE samples.
Reliable methylation profiles can be obtained from FFPE samples if DNA repair and ligation are performed after bisulfite conversion and before the whole-genome amplification step of the Infinium Methylation assay. As our results showed, methylation values of FFPE samples are comparable to those from FF samples. Therefore, applying this procedure provides a new opportunity to analyze all those samples that have been preserved on FFPE, due to the daily practice in histopathological diagnosis, benefiting from the rich clinical information that these samples usually provide. Our results validate the Infinium HumanMethylation450 Methylation array platform for the study of diseases for which it is difficult to obtain samples other than FFPE and that have not until now been suitable for comprehensive DNA methylation analysis.
Materials and Methods

DNA extraction
Tumor samples were obtained from the Department of Pathology and Molecular Genetics, and Research Laboratory, Arnau de Vilanova Universitary Hospital, University of Lleida IRBLLEIDA, under the approval of the Institutional Review Board. Four sections of 10 μm from FF samples OCT blocks were cut, and washed in PBS to remove OCT. DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen) according to the manufacturer's instructions, while four 10-μm sections of FFPE blocks were processed using the E.Z.N.A. FFPE DNA kit (Omega Bio-Tek), with a xylene wash to remove paraffin. The DNA obtained was treated with RNaseA for 1 h at 45 °C.
All DNA samples were quantified by the fluorometric method (Quant-iT PicoGreen dsDNA Assay, Life Technologies), and assessed for purity by NanoDrop (Thermo Scientific) 260/280 and 260/230 ratio measurements. The integrity of FF DNAs was checked by electrophoresis in a 1.3% agarose gel.
Quality check of FFPE DNAs
All DNAs from FFPE blocks were checked for their suitability for FFPE restoration, as indicated by the Infinium HD FFPE QC Assay (Illumina, Inc.), by performing a quantitative PCR with 2 ng of FFPE DNA. ΔC q was calculated by subtracting the average value of C q of the interrogated sample from the C q value of a standard provided by the manufacturer. All FFPE samples had a ΔC q < 5, which is the recommended threshold for suitability for FFPE Restoration.
Bisulfite conversion An amount of 300 ng of FFPE DNA, or 600 ng of FF DNA were randomly distributed on a 96-well plate, and processed using the EZ-96 DNA Methylation kit (Zymo Research Corp) following the manufacturer's recommendations for Infinium assays. Elution step was performed with 10 μl of M-Elution buffer.
FFPE restoration An amount of 8 μl of bisulfite-converted DNA (bs-DNA) from FFPE samples was processed as described in the Infinium FFPE Restoration guide (Illumina, Inc.). The DNA (>100 ng) was denatured with 4 μl of NaOH 0.1N for 10 min at room temperature. A 1 h reaction at 37 °C was then performed with PPR and AMR reagents supplied by the kit manufacturer, in which DNA repair is accomplished.
DNA was cleaned with a ZR-96 DNA Clean and Concentrator-5 kit (Zymo Research) by mixing the previous reaction with 560 μl Binding buffer and dispensing the mixture into a Zymo-Spin column. Then the column was centrifuged for 2 min at 2250 × g, and eluate was discarded. A washing step with 600 μl of Zymo-Wash buffer was performed followed by a centrifugation step for 2 min at 2250 × g. Zymo-spin columns were placed on new empty tubes, and 13 μl of ERB were dispensed to each column.
After a incubation at room temperature for 5 min, columns were centrifuged for 1 min at 2250 × g, and eluate was incubated for 2 min at 95 °C. Immediately after the 95 °C incubation, samples were incubated on ice for 5 min. Maintaining the eluate on ice, the ligation reaction was performed by dispensing 10 μl of CMM reagent to each reaction, and incubating the reaction for 1 h at 37 °C. Ligation reaction material was cleaned with ZR-96 DNA Clean and Concentrtor-5 kit (Zymo Research), as previously described, and eluted in 10 μl of DiH 2 O. The resulting material was used as input for the hybridization on the Infinium HumanMethylation450 BeadChip.
Array hybridization An amount of 8 μl of restored FFPE bs-DNA or 4 μl of FF bs-DNA was processed following the Illumina Infinium HumanMethylation450 protocol, as previously described. 15 
Data normalization
The resulting raw data (IDATs) were normalized in the R statistical environment, using the minfi package for SWAN normalization. 16 
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